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INCENTIVE FOR RESEARCH
The objective of this research is to enhance the basic understanding of the role of glass chemistry, including the chemical kinetics of pre-melting, solid state reactions, batch melting, and the reaction pathways in glass and/or acid addition strategy changes on the overall melting process for the Defense Waste Processing Facility (DWPF) Macrobatch 3 (MB3). More specifically, by controlling the chemistry of the incoming feed materials (e.g., in particular the frit composition for a given sludge) or by adjusting chemical processing strategies (e.g., formic or nitric acid relative to the current flowsheet), the conversion rate of slurry fed raw materials into a liquid state can be increased. By altering the reaction pathway within the cold cap, intermediate reaction products and/or the development of an insulating foamy layer which can impede the melting rate can be avoided. If successful, the result is an enhanced melting process which increases throughput without compromising the quality of the final waste form or product.
Direct quantitative measurement of melting rates and/or reaction kinetics will bring important benefits for improving glass formulation and melter design strategies. These data may eventually permit the modeling of the chemical kinetics of pre-melting solid state reaction, batch melting, and reactions in glass. The data generated will result in improved melting efficiencies translating into higher throughput for the Department of Energy's (DOE) melters. Increased melting efficiencies decrease overall operational costs by reducing the immobilization campaign time for a particular waste stream. For melt rate limited systems, a small increase in melting efficiency translates into significant savings by reducing operational costs. Assuming that the DWPF is melt rate limited and a fixed annual operating cost of approximately $140 million per year, for every 1% increase in throughput as a result of increased melting efficiency an estimated $42 million cost avoidance would result over the scheduled mission for high-level waste vitrification.
The benefit of increased melting efficiencies and the resulting cost avoidance could be applied to other DOE vitrification facilities including future missions at Hanford and Idaho (adjustments for annual operating cost would be required for each mission). This project will enhance the basic understanding of the role of glass chemistry and/or chemical processing changes on the overall melting process for MB3. Basic technical issues regarding the batch-to-glass conversion process will be addressed for a specific alkali borosilicate glass system. Use of this particular glass forming system is applicable to both DOE and commercial vitrification programs. The DWPF and West Valley Nuclear Services are currently generating system to immobilize their high-level and/or low-level waste streams. Therefore, enhancing the basic understanding of the role of glass chemistry on the overall melting process has significance not only to DOE but to the commercial sector as well.
INTRODUCTION
Glass melting, or conversion of batch to melt, involves several physical and chemical processes.
The melting process is typically defined by three inter-dependent stages: (1) batch reaction, (2) fining, and (3) homogenization. The response of the slurry or batch to rising temperatures (melting reactions) has an impact on the latter stages of melting and hence the efficiency of the overall melting process (Peeler 1993b) . Smith et al (1996) describe the major stages and reaction sequences a liquid slurry goes through as it is progressively transformed into a molten glass. The initial liquid slurry boils, loses water, and congeals. The congealed slurry continues to lose free water through vents formed while the slurry was congealing and through shrinkage cracks that form during drying. At the dry stage, salt eutectics begin to melt, hydroxides break down, and batch reactions such as those between reducing agents, nitrates, and nitrites are initiated producing initial liquid phases. As the temperature increases further, pores in the batch blanket are closed as a result of increased liquid phase production resulting in the accumulation of gaseous reaction products (bubbles). As further heating greatly increases the amount of melt increases and lowers its viscosity, gas bubbles may coalesce and escape through holes around the edges of the cold cap.
For dry feed systems, similar type of reactions occur. Once introduced into the melter, the batch initially responds to increasing temperature through dehydration, thermal decomposition, and various phase transitions of the initial granular components. As the batch temperature continues to rise, solid state reactions produce intermediate reaction products, a process which is highly dependent on local environments in the batch (Sheckler 1990 and Peeler 1993a) . The formation of an initial liquid phase (of carbonates, nitrates, nitrites, sulfates, etc.) initiates vigorous solid/liquid reactions as the initial liquid phase(s) coats the remaining refractory oxides of the batch. As the fraction of the glass forming phase increases, the glass forming phase becomes a highly viscous interconnected matrix with suspended refractory particles (e.g., SiO 2 ). Dissolution of these particles is controlled by diffusion within the melt. As previously mentioned, the response of the batch to rising temperatures (melting reactions) has an impact on the latter stages of melting and hence the efficiency of the overall melting process (Peeler 1993b) . Although the melting process has been defined by three inter-dependent stages, the primary focus of this project is on the processes occurring within the initial stage (batch reaction) and their ultimate effect on melt rate.
Three key areas have been identified in this initial stage: (1) local melting processes, (2) ablation, and (3) the batch/melt interface reactions. These stages are usually discussed in the context of commercial melting based on dry feeding. Although DWPF is slurry fed, the primary reactions including the local melting processes and the batch/melt interface reactions are similar; thus a general discussion is warranted. The one area that may not be warranted for liquid-fed melters is the ablation process. The three key areas of this initial melting stage are briefly discussed below.
LOCAL MELTING PROCESSES
Glass batch, either slurry or dry feed, responds to heating by producing new solid, liquid, and gas phases. The reactions involve intermediate products and complex mechanisms, in which gas evolution, liquid formations, surface phenomena and diffusion play a role (Hrma 1988 ). The reaction rates and paths are affected by raw material chemistry, particle size distribution, thermal profiles, and sample size and geometry. Some parameters significantly differ among laboratory tests or melter situations. Thus, it is important to study the melting process at the local level and to understand the effects of the environment and geometrical configuration on the evolution of local reactions.
Past studies of localized reactions are too extensive to discuss here but have been highlighted by Hrma (1988 and . Generally, these studies have enhanced the understanding of the complex processes involved with glass melting but have gained little ground toward increasing model accuracy to predict melting phenomena. Because of the complexities involved, several analytical techniques should be used to characterize the local processes leading from batch to homogeneous glass and to link the bulk melt with reactions at these interfaces. Once batch is charged into a melter, exposure to radiant heat (such as lid heaters) converts the outermost surface layer into a liquid phase containing a large fraction of undissolved refractory particles and gaseous inclusions. This heterogeneous liquid layer forms shortly after the batch is charged, depending on the heat flux absorbed by the surface. If permissible (governed by batch topography/geometry and liquid viscosity), the liquid layer runs off the batch pile "exposing" unreacted or partially reacted batch which continues to melt due to radiant heat. This continuous process can maximize the rate of batch-to-glass conversion if properly "controlled". Increases in thickness of the liquid layer can create an effective thermal insulator (primarily due to the presence of bubbles), especially if flow is restricted (i.e., not allowed to run off). Therefore, ablation strongly influences the melting rate of the batch pile from above. Hammel (1986) 
ABLATION

BATCH-MELT INTERFACE REACTIONS
The formation of a heterogeneous bubbly layer can also occur at the batch-melt interface as the granular materials are converted into a melt (see Figure 1 ). This bubbly layer is typically characterized by a large fraction of undissolved refractory particles and gaseous inclusions. As in the ablation process, the microstructural characteristics and behavior of this layer influence the melting rate of the batch. The rate at which heat is transferred across the interface is related to the batch-to-melt conversion rate or melt rate . If there were no impediment of heat transfer to the batch, reaction kinetics would limit the melting rate.
The formation of the thermally insulating bubbly layer (primarily due to the gaseous inclusions) reduces heat transfer through the molten glass to the batch as described above. Natural or forced convection within the molten glass and the buoyancy force associated with the low density of the bubbly melt enhances the removal of this layer (e.g., viscosity of the molten glass pool may be a key parameter with respect to enhancing melt rate removal and formation of this foamy layer, a steady thickness may be maintained which continually impedes melt rate.
As discussed in the previous sections, the melting process is an extremely complex process dependent upon various melter operating conditions and physical/chemical properties of the feed.
Given that, one needs to establish or identify the relevant processes that impede melt rate for a given system and focus research and development efforts on potential mitigation techniques. In this study, the primary focus is on the propensity of batch expansion and/or the formation of a foamy layer and its potential to negatively impact melt rate. It is assumed that the formation of a stable, foamy layer in the batch will directly impede melt rate and that its formation can be monitored and/or predicted through a suite of small scale tests.
Inexpensive and rapid small-scale testing is needed to estimate melting rate and behavior of prospective feeds to the DWPF melter. Previously, the only approach to fulfill this need was expensive large-scale melter runs which are cumbersome and typically limited in focus and/or number. As previously noted, due to the complexities involved, several analytical techniques should be used to characterize the local processes leading from batch to homogeneous glass.
Even though a suite of small-scale tests are typically utilized to assess melt rate, one must account for any scaling effects as projections to larger systems are made.
FOAM FORMATION: THEORY
Historically, foaming in glass has been divided into two categories: (i) feed (batch) expansion which is a bulk foam resulting from batch reactions during melting and (ii) molten glass foam which is a surface foam occurring after the batch reactions are complete (Smith 1995) . Batch expansion has been observed in simulated nuclear waste glass during gas generation in the presence of an interconnected glassy phase (Vienna 1994 and Ahn 1986) . Batch expansion results from reaction gases trapped in an early glass forming melt which has a high viscosity and releases gases slowly. The formation of this foamy layer can slow the melting rate by insulating the cold cap from the melt resulting in process interruptions (e.g., feeding halted to burn off the cold cap). indicated that batch expansion will occur if three conditions are simultaneously met:
(1) gas is generated, (2) a high-viscosity melt has formed, and (3) the melt is sufficiently 8 interconnected. Hence, batch expansion can be affected or minimized by: (1) a shift in the gas evolution interval (e.g., due to a redox / acid addition strategy change), (2) a shift in the viscous melt generation interval (e.g., due to a frit composition change) or (3) a change in the melt fraction at which foaming commences (primarily controlled via frit composition changes). Goldman (1986) addressed the causes of foaming and the mechanisms that stabilize foam for alkali-iron-borosilicate glasses melted from liquid slurries. His work (which focused on the production and removal of bubbles within a given melt; not batch expansion) demonstrated that reboil pressure and foaming tendency observed in melter glasses were positively correlated. That is, highly oxidized glasses (lacking ferrous iron) collected from melter tests having significant foaming were determined to have the highest reboil pressures (directly related to the amount of oxygen and water dissolved in the melt). The results suggested that the oxygen was associated with redox species such as manganese, cerium and chromium (no ferrous iron detected). Goldman et al. (1986) also evaluated the foam stability pointing out that foaming can be diminished by including reducing agents in the liquid slurry (either in the processed waste, glass forming chemicals, or as separate additives such as sugar). A reduced glass contains less oxygen and should therefore have a lower foaming tendency. However, this alone can not explain the elimination of foaming. For example, a conversion of 0.1 wt% ferric to ferrous iron in a glass can evolve a volume of oxygen greater than the entire melt volume. This conversion does not require a significant change in redox or temperature. Therefore, even under reducing conditions, the source of oxygen available to generate a stable foam exists. Goldman et al. (1986) did indicate that foams generated under reducing conditions were unstable (perhaps due to H 2 O). Bubbles that formed in the bulk melt ruptured when they reached the melt surface. It was proposed that under reducing conditions, proportionally more water vapor is released which destabilizes the foam either by surface tension or viscosity effects.
Historically, formic acid has been used as a reductant for nitrates, nitrites, and higher valent transition metals in the glass melt. Reduction causes transition metals to release gas in the cold cap and after incorporation into the glass. If not reduced at low temperatures, transition metals will release a large volume of gas as equilibrium is approached in the melt. However, overly reduced melts must be avoided to preclude the separation of sulfides and elemental metals (Bickford 1986a and Bickford 1986b Figure 3 provides a conceptual schematic of the two overlapping processes (gas generation and a high viscosity, interconnected glass phase) leading to foam formation. Typical sources for gas generation include decomposition reactions (e.g., nitrate destruction liberating NO X and CO 2 and/or decomposition of intermediate reaction products formed during the batch-to-glass conversion process with the cold cap) and/or redox reactions (e.g., manganese and/or iron reduction liberating oxygen). The formation of a highly viscous liquid phase can be the result of frit softening and/or the reactions between the frit and the waste (both a function of frit composition and temperature). In Figure 3 , it is speculated that the overlap of the temperature at which gas is liberated as a result of redox reactions with the temperature of frit softening could lead to foam formation. This scenario is only hypothetical given the complex nature of the melting kinetics involved.
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To minimize the potential for foam formation (and ultimately to enhance melt rate) one must avoid or minimize the overlap of these two phenomena. To accomplish this, one can either adjust the temperature region over which the off-gas related processes occur or adjust the viscositytemperature relationship for the liquid phase. To affect the former, the addition of reductants (e.g., sugar) and/or acid addition strategies have been utilized. The latter (viscosity) is primarily controlled through frit formulation changes. Figure 4 provides a schematic of how frit compositional changes may avoid or minimize foam potential (i.e., altering the softening point and viscosity of the liquid phase). That is, one could alter the frit composition so as to soften or melt in one of the valleys where off-gas generation is lower. This latter statement assumes that the softening point of the frit (producing a high viscosity liquid phase) does not overlap with gas evolution from the decomposition reactions (e.g., nitrates).
The initial frit arrow (located in the 700°C temperature range) suggests that one may formulate a frit that "softens" after decomposition reactions are complete but prior to the onset of redox reactions that liberate O 2 . In this case, one would theoretically liberate the gas generated via decomposition reactions prior to the formation of a high viscosity liquid phase. Prior to the onset of O 2 liberation from redox 1 , the melt would form a low viscosity liquid which would minimize the entrainment of O 2 from redox thereby minimizing foam potential. Again, these scenarios are strictly hypothetical given the complex nature of the melting kinetics involved. For example, the discussion ignores any potential for the reactions that occur between the frit and the waste during heat up to generate a high viscosity liquid phase and assumes that the off-gas related reactions are independent (do not overlap and not continuous) over a broad temperature range and are not influenced by compositional changes. However, the discussions, which are intended to provide insight into the potential mitigation options to minimize foam formation for a given system, are useful when considering the impacts of frit composition and/or acid addition strategy changes on potential to mitigate foam formation for MB3.
1 Oxygen liberation via reduction is a continuous process over a given temperature range. Frit softening Stone and Lambert (2000) provided DTA/TGA/MS data for DWPF MB2 sludge which indicated some of the off-gas related phenomena for that system. Figures 5 and 6 show the off-gas related data as a function of temperature for MB2 sludge with and without sugar, respectively. These plots not only provide an indication of the off-gas volumes as a function of temperature (indicated by the peaks and valleys 2 ) but also the effect of sugar as a reductant impacting the off-gas behavior. It should be noted that for MB2 there are regions where off-gas volumes are relatively low in both DTA/TGA runs.
2 Peak heights in Figures 5 and 6 do not give a direct indication of the volume of gas liberated as a function of temperature. As temperatures increase, small quantities of gas can generate a large volume. For example, a conversion of 0.1 wt% ferric to ferrous iron at high temperatures can evolve a volume of oxygen greater than the entire melt volume. In terms of frit compositional adjustments, the second scenario (see Figure 4) is associated with making a more "refractory" frit (i.e., higher melting point frit). In this case, the onset of the initial high viscosity is delayed until both the decomposition and redox reactions are complete. In the absence of a high viscosity liquid phase, gases generated are not trapped and melt rate is not impeded (assuming a direct correlation with the formation of a foam layer and melt rate). Again, this scenario is hypothetical given the complex nature of the melting kinetics involved. An alternative to changing the composition of a pre-fabricated frit to fit within one of the aforementioned off-gas valleys is the use of batch chemicals. This typically results in a delay of the formation of an initial liquid phase making this option more similar to a "refractory" frit option.
"SYSTEMS APPROACH"
Compositional adjustments to candidate frits must be tempered by the need to not only meet increased production rates but also (and perhaps more importantly in the case of nuclear waste glasses) product performance (e.g., durability) and other processing (e.g., viscosity, liquidus, and electrical conductivity) requirements. This balanced or "systems approach" has been described by Jantzen (1985) . Smith (1995) also indicated that the effects of frit composition on melter feed and melt processing, glass acceptance and waste loading are of practical interest in understanding the trade-offs associated with the competing demands placed on frit composition.
SUMMARY
Glass melting is a complex process that involves a number of reactions and transformations, and its rate or behavior can only be described considering all related processing properties. Given that, one needs to establish or identify the relevant processes that impede melt rate for a given system and focus research and development efforts on potential mitigation techniques.
Consequently, it is necessary to identify possible laboratory test methods to evaluate these pertinent processing properties. It has been suggested that the development of appropriate laboratory test methods should be preceded by the understanding of the basic processes compromising the cold cap melting.
In this study, the primary focus is on the propensity of batch expansion or the formation of a foamy layer and their potential to negatively impact melt rate. It is assumed that the formation of a stable, foamy layer in the batch will directly impede melt rate and that its formation can be monitored and/or predicted through a suite of small scale tests. The effects of various melter operating conditions and physical/chemical properties of the feed on the melting rate needs to be clearly established.
Batch expansion or melt foaming can be minimized if the high viscosity melt temperature region does not coincide with that of gas evolution. Potential foam mitigation techniques include frit compositional changes and/or acid addition strategy changes (relative to the current flowsheet).
To make educated recommendations on such adjustments, a fundamental understanding of the mechanisms leading to foam must be understood including the reaction pathway or kinetics of the glass system, off-gas behavior as a function of redox, and glass / frit viscosities. Without a detailed knowledge of these fundamental parameters, changes to either redox or frit formulation will be "trial and error". This being the case, one would tend to focus on one of the parameters leaving the other "fixed" and hope to bound the effect. In the event that both frit compositional changes as well as redox and/or acid addition strategy changes are independently identified that improve melt rate, these effects may not be additive. Therefore, prior to recommending both a compositional change with a redox/acid addition change, the effects must be jointly evaluated using the appropriate test methodology. This assumes that the test methodology or suite of tests being used to assess melt rate directly translates to a full scale system. 
OBJECTIVE
The objective of this research is to enhance the basic understanding of the role of glass batch chemistry (more specifically via control of frit composition) and/or changes in chemical processing strategies on the overall melting process for MB3 (DWPF sludge-only processing).
Through control of batch chemistry, cold cap reactions can be altered which may result in higher melter throughput. For melt rate limited systems, a small increase in melting efficiency translates into substantial hard dollar savings by reducing operational costs without compromising the quality of the final waste form or product.
The specific goal of this research is to improve melt rate for Macro-batch 3 (MB3) in an effort to demonstrate that production goals can be met (or exceeded) and/or "sprint" capabilities do exist.
In doing such, it is anticipated that a fundamental understanding of the impact of feed parameters (assuming a fixed set of melt conditions) on the local melting processes and reactions at the batch-melt interface will be developed. Although primary focus is to improve melt rate for a specific macrobatch, a "systems approach" will be utilized. Proposed change to frit compositions will be tempered by current THERMO model predictions in terms of SME acceptability (Jantzen et al. 1995 and Brown and Postels 1996) . If model predictions do not allow for acceptance, one of two options will be utilized. The potential frit composition will not be considered (Option #1) or a technical basis must be developed prior to an ultimate recommendation (Option #2).
Recommendations for redox and/or acid addition strategy changes will be tempered by a thorough assessment of related safety issues. If the systems approach or a thorough assessment of safety related issues are not utilized, one could make an off-spec glass faster or compromise melter processing and/or the safety basis. Regardless of whether a potential frit composition change is acceptable or not in terms of predictions, it is recommended that prior to DWPF implementation all properties should be assessed to ensure the proposed compositional changes do not invalidate current model predictions (i.e., the proposed glass composition is still within the compositional envelope over which the models were developed). It should be noted that frit development activities were directed solely toward MB3 and the use of a specific frit composition with another sludge batch may not be warranted. Stone et al. (2000) for MB2.
